Abstract: An account of some recent developments in the chemistry of lead(IV) reagents, and of the rationale which underpins this work, is reported in this lecture. I hope to demonstrate that the synthetic utility of lead(IV) reagents may have been underestimated, and that this may have arisen at least in part to the general perception of the toxicity of these compounds, the need to use stoichiometric quantities of the metal reagent and to reaction pathways which have been generally thought to be cationic or radical in character. The possibility that many reactions of lead(IV) could R roceed via reductive elimination type processes has hitherto not been considered, and this may ave limited the perceived scope of its possible reactions. Some novel reactions which could possibly proceed through ligand metathesis and ligand coupling steps are presented.
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Cross coupling processes are now recognised to be especially useful for both research and production, often mediating the formation of synthetically valuable products under very mild conditions. 1 Notable amongst these are transition-metal catalysed reactions, and palladium particularly finds extensive application in, for example, Suzuki, 2 " 5 Stille, 6,7 and Heck-type couplings. 8 " 10 More recently, the use of chiral ligands has allowed enantioselective carbon-carbon bond forming reactions to be developed 11 · 12 in for example, asymmetric Heck reactions. 13 Palladium finds use in such reactions because it easily cycles between higher and lower oxidation states using weak organic oxidants and/or reductants and because it has the capacity to accept a diverse range of ligands permitting reversible cycling between co-ordinative saturation and unsaturation. The development of other transition metals for similar purposes (e.g. Ni, Cu) has been the focus of more recent attention, in part to alleviate the cost of palladium. Of interest is the similarity of palladium and related d-Block metals to their near neighbours in the Periodic Table, namely thallium, lead, and bismuth. To illustrate this point, some relevant data is included in Table I . 20 The higher oxidation states (Pd 4 "*" and Pd 4 " 1 ") have remarkably similar ionic radii, ionisation enthalpies and electronegativity values, but differ significantly in oxidation potentials, for which lead(IV) is nearly double that of palladium. On this basis, one might expect many similarities in the chemistry of these two metals. Noteworthy are their similar levels of toxicity; perhaps surprisingly, lead is about 10 times less toxic than palladium, despite a public perception to the contrary. The use of lead tetraacetate (LTA) for a wide variety of oxidative processes is well known, 22 * 25 and this reagent finds particular application in alkaloid synthesis. 26 However, main group metals are also known to mediate a variety of cross coupling reactions, and in recent years the application of lead(IV), 27 · 28 as well as bismuth(V), 29 iodine(lll) 5 ® and thallium, 31 for this purpose has been investigated in detail. 32 Generally, an organometallic derivative of one of these main group metals will react with a nucleophile (Nu) with formation of a new carbon-carbon or carbon-heteroatom bond (Scheme 1); what is unusual about these processes is that the organometallic compound reacts as a carbocation synthetic equivalent, rather than a carbanionic species, and therefore the couplings are examples of umpolung. There is now considerable evidence that these processes occur by ligand coupling 33 · 34 · involving a reductive elimination at the lead 35 · 36 centre, and the possible intermediacy of radicals under the conditions of the reactions appears to have been excluded. 37 These processes are made all the more valuable in that the carbocation synthetic equivalentsthose of phenyl-, vinyl-or alkynyl cations -are not easily prepared by alternative routes. Such examples of umpolung of organometallic compounds are not exclusively restricted to main group metals, since Pd(ll) for example is known to mediate similar reactions, 38 and they occur because the high oxidising potential of the metal cation provides an efficient electron sink, which provides a significant thermodynamic driving force in the forward direction, promoting collapse with two electron reduction of the metal cation and generation of an incipient carbocation. 27 The application of lead(IV) has been especially productive, and organolead(IV) tricarboxytates have been found to mediate arylations, vinylations and alkynylations of a variety of nucleophilic substrates, especially soft carbon nucleophiles such as ß-dicarbonyl compounds, but also some heteronucleophiles, for example iodide or azide. However, oxidative dimerisation or α-carboxylation of the nucleophilic substrate by the organolead(IV) reagent can be competitive. 27 The importance of ligands in such lead-mediated processes has been recently investigated, and investigations into the possibility of achieving these reactions with stereocontrol has been made by our group 39 · 40 and others. 41 We have been particularly interested in examining the effect of ligands on the reactivity of lead(IV), 40 and to this end have exploited a simple ligand metathesis process on LTA for the preparation of a wide range of lead(IV) tetracarboxylates. 42 These compounds were found in general to be more stable than lead tetraacetate, and have been characterised by various spectroscopic means. For example, single crystal X-ray analysis of lead tetra(o-benzoylbenzoate) has shown that the lead(IV) cation is co-ordinated by the eight carboxylate oxygen atoms at the corners of a distorted trigonal dodecahedron, with Pb-O distances of 2.317 and 2.235Ä. Notably, the ketone oxygens are not co-ordinated to the lead. 43 The existence of facile ligand exchange has been demonstrated by variable temperature 207 Pb NMR spectroscopy, and that this occurs on the tens of millisecond time scale via a direct swap of ligands was demonstrated by 20 7 Pb NMR EXSY. 44 More recently, we have shown the successful detection for the first time of some aryllead(IV) carboxylates by electrospray ionisation mass spectrometry (ESI-MS); in the presence of excess carboxylate ligand, these compounds gave a reliable [M+Na] + signal. Furthermore, under these conditions, direct evidence for formation of solvent (MeCN) and pyridine adducts for several different aryllead(IV) carboxylates was obtained, confirming the existence of facile ligand equilibration which had been demonstrated earlier by NMR techniques. Although the oxidative cleavage of 1,2-diols is well documented, the oxidation of simple alcohols by LTA is a process which has not proved to be of general synthetic application. 46 Of interest was our observation that both lead tetra(2-thiophenecarboxylate)1a and mono(2-thiophenecarboxylate)tribenzoate 1b are useful for the oxidation of benzylic and allylic alcohols to the corresponding aldehyde. 47 For example, oxidation of p-methoxybenzyl alcohol gave excellent yields of p-methoxybenzaldehyde (60 and 65% respectively). Under similar conditions, lead tetraacetate gave only an 11% yield, and the addition of thiophene to this reaction did not improve the yield. Interestingly, an examination of other heterocyclic lead(IV) complexes derived from 2-furyl and N-methyl-2-pyrrolecarboxylic acids failed to give synthetically useful yields of the aldehyde products, whilst the lead(IV) tetracarboxylates derived from 2-chlorobenzoic and 2-methylbenzoic acids showed comparable reactivity to that of the thiophenecarboxylates 1a,b.
These lead(IV) compounds were also found to mediate the conversion of allylstannanes 2 to allyl carboxylates 3 under very mild conditions and in high yield (Scheme 2). 42 The reactions might be expected to proceed to the allyl ester product 3 via the allyllead(IV) species 4, formed either by direct tin/lead transmetallation or addition of electrophilic lead(IV) to the alkene to form a stabilised carbocation. The product 3 arises either by internal or external delivery of the carboxylate nucleophile. This transformation therefore represents a reversal of the normal reactivity of allylstannanes, which are well known for their nucleophilic addition to aldehydes under Lewis acid catalysis.
Pb(0 2 CR) 4 However, not all lead tetracarboxylates were found to be stable, and, for example, treatment of lead tetraacetate with p-methoxyphenylacetic acid invariably gave a poor recovery of the corresponding lead(IV) compound, instead returning a mixture of esters 5 and 6 (Scheme 3). Furthermore, treatment of a dicarbonyl with lead tetracinnamates 7a-c gave the vinylated compounds 8a-c, in addition to the expected α-carboxy product 9a, although this reaction was found to be very idiosyncratic and difficult to reproduce. Nonetheless, the formation of these products were consistent with the idea that initial carboxylic acid exchange produced a lead carboxylate which could decarboxylate to generate a carbocationic type species which could in turn be intercepted up by a suitable nucleophile. The potency of this driving force is demonstrated by the formation of the vinyl adducts in the latter example, which must formally at least proceed via a vinyl cation. These results therefore suggested that a lead leaving group might be capable of 
Scheme 4
Examination of ligand metathesis with several carboxylic acids with side chains which would generate a stabilised carbocation on decarboxylation was therefore undertaken. 48 We initially examined 3-butenoic acid 10, and found that conversion to the esters 11 in toluene at 90°C for 3h could be achieved in high yield (Scheme 5). This reaction is perhaps not so surprising, there being literature precedent for similar processes, but these generally were in reactions conducted under conditions which have been shown to proceed via a radical mechanism. 25 For the reaction conditions of Scheme 5, addition of radical traps (galvinoxyl, benzoquinone) gave yields of 27 and 40% of ester 11 (R=Ph), compared to 75% in the absence of these compounds, demonstrating that the reaction did not proceed exclusively by a radical mechanism. Addition of 1,1-diphenylethylene as a cation or radical trap gave ester 11 (R=2,6-(MeO)2CeH4) and an 83% recovery of unreacted diphenylethylene, again suggesting that the intermediacy of radical or cationic intermediates was unlikely. In the case of 4-phenylbutenoic acid, a low yield of a mixture of the a-and γ-products was obtained (Scheme 6), but the reason for the poor yields in this case is unclear. Evidence suggesting that a mechanism involving organo)ead(IV) intermediates could indeed be in operation came from the series of reactions illustrated in Scheme 7; allylated products 12-14 could be obtained by treating the respective lead complex and carboxylic acid with the corresponding ß-dicarbonyl compound. One possible mechanism for these reactions is that they proceed via a reductive elimination from lead(IV) with concomitant decarboxylation. Of interest was an examination of the behaviour in the case of the next higher homologue, 4-pentenoic acid (Scheme 8). In this case, the lactone products 15 were obtained for a variety of lead tetracarboxylates. Yields in some cases were excellent, and notable amongst these was the 2,6-dimethoxybenzoate. Once again, conduct of the reaction in the presence of benzoquinone (0.18equiv.) or galvinoxyl (0.1 equiv.) gave the product 15 (R=Ph) in yields of 29 or 67% respectively, and in the presence of 1,1 -diphenylethene no trapping products were isolated, suggesting that cation or radical intermediates were not involved. This reaction was found to be highly stereoselective, giving only the as-adducts 17,19 in the case of acids 16 and 18(Schemes 9 and 10). 
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Although considerable evidence for the existence of radical intermediates in similar reactions exists, 25 it is not clear that the reactions in the present case proceed by such intermediates.
In principle, the reactions could proceed by radical or carbocationic-like intermediates, but the lack of reaction with 1,1-diphenylethene described above suggests that this is not the case. Furthermore, the intermediacy of a primary cation in toluene would not be expected. One alternative explanation is shown in Scheme 11. Initial carboxylate metathesis would be expected to give the mixed complex 20, which may exist in equilibrium with the internally π-coordinated form 21. In the case of n=1, decarboxylation could give a π-allyl type complex, which could then collapse by internal delivery of carboxylate to give the products shown in Scheme 5 or by exchange with a suitable nucleophile and subsequent trapping to give products of type shown in Scheme 7. For the case where n=2, lactonisation with concomitant formation of a σ-lead species 22 could be followed by the two outcomes described above. Interestingly, however, it is only internal delivery of carboxylate which has actually been observed in this case. This may be due to the fact that this σ-complex is less stable than the π-complex 23, and collapses by reductive elimination with the immediately available internal carboxylate ligands, before exchange with an external nucleophile is possible.
Conclusion
We have shown that lead(IV) reagents have unusual but potentially valuable applications in synthetic organic chemistry. The poorly developed status of these reagents may in part be due to perceptions of toxicity and in part due to complex reaction mechanisms which have not encouraged investigations in this area. Although our proposed mechanisms are not yet supported by firm data, they provide a useful working hypothesis for investigation of novel reactions, and we will report our results in this area in due course. 
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